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Abstract - A new adaptive antenna array architecture for low- 
earth-orbiting satellite ground stations is being investigated. 
These ground stations are intended to have no moving parts and 
could potentially be operated in populated areas, where terres- 
trial interference is likely. The architecture includes multiple, 
moderately directive phased arrays. The phased arrays, each 
steered in the approximate direction of the satellite, are adap- 
tively combined to enhance the Signal-to-Noise and Interfer- 
ence-Ratio ( S N I R )  of the desired satellite. The size of each 
phased array is to be traded-off with the number of phased ar- 
rays, to optimize cost, while meeting a bit-error-rate threshold. 
Also, two phased array architectures are being prototyped: a 
spacefed lens array and a reflect-array. If two co-channel satel- 
lites are in the field of view of the phased arrays, then multi-user 
detectioa techniqies may enab!e simo!!zneoxs demcd=&rti,e~ 3f 
the satellite signals, also known as Space Division Multiple Ac- 
cess (SDMA). We report on Phase I of the project, in which 
fmed directional elements are adaptively combined in a proto- 
type to demodulate the S-band downlink of the EO-1 satellite, 
which is part of the New Millennium Program at NASA. 

I. INTRODUCTION 

A typical ground station for NASA's Low-Earth orbiting 
(LEO) satellites utilizes a single large (10 m - I1  m) dish an- 
tenna, and tracks a single satellite at a time by mechanically 
scanning the antenna through as much as 160 degrees. The 
downlink supports data rates ranging fiom 2 kbps up to 150 
Mbps. To maximize contact with these polar-orbiting 
satellites with precessing orbits, the ground stations are near 
the poles. The ground stations cost fiom $2M to %4M each to 
build and have an associated high maintenance cost. 

The purpose of the project reported here is to determine the 
feasibility of 2 remeteiy progranxmble gmmd setion, with 
ideally no moving parts, in non-polar regions, and with a cost 
goal of less than one tenth of the cost of contemporary 
ground stations to build and maintain. Instead of a single 
dish, the ground system would be comprised of a number of 
phased arrays with small-to-moderate aperture sizes, and the 
phased array outputs would be adaptively combined to 
maximize the Signal-to-Interference-and-Noise-Ratio ( S M )  
of the desired satellite transmission. The focus of this project 
is on the physical layer, that is, the design of the Radio Fre- 
quency (RF) front end and digital signal processing of the 
phased array outputs. 

Such a future ground station will not support the highest data 
rates now possible with a large dish, however, since more of 
the ground stations would be deployed, the data could be 
downloaded in a distributed manner as the satellite passes 
over a series of ground stations. Our vision is that the ground 
stations would be connected via the internet, so that any 
given LEO satellite can be in nearly continuous communica- 
tion with the network on Earth. While the focus of the current 
project is for a ground station to communicate with only one 
satellite at a time, the architecture being studied is capable of 
rapidly and electronically controlled reconfiguration, to en- 
able fast switching from one satellite to another within the 
same constellation or simultaneous communication with mul- 
tipie sateiiites. 

Researchers at NASA's Glenn Research Center (GRC) and at 
University of Colorado are investigating two phased array 
technologies. One of these, the space-fed lens array, is com- 
posed of a feed array and a radiating array with each corre- 
sponding element pair interconnected by transmission lines of 
different len-&s to radiate a plane wave in the forward duec- 
tion. The other of these, the reflectarray, has a surface con- 
taining integrated phase shifters and patch radiators is illumi- 
nated by a single feed at a nrtual focus. The signal passes 
through the. reflect-mode phase shifters and is re-radiated as a 
collimated beam in essentially any preferred duection in the 
hemisphere in fiont of.the antenna. Both approaches provide 
electronic beam steering, have no moving parts, and promise 
low cost. 

The other part of the project addresses the signal-processing 
of the outputs of the multiple phased arrays, which wil l  be re- 
ferred to as Directional Elements (DES). Ultimately, the jobs 
of the receiver signai processor are to (i j perform frequency 
and timing synchronization for each DE, (2) to compute the 
adaptive weights that will be applied to the DES before they 
are summed, (3) demodulate and detect the transmitted sym- 
bols, and (4) steer the DES. The focus of the signal process- 
ing efforts in the first year of the project has been on the first 
three items above. A four-element prototype was constructed 
to demonstrate these receiver signal processing functions for 
the Earth Observing One (EO-1) satellite at S-band. The pro- 
totype was demonstrated on the roof of the five-story Georga 
Centers for Advanced Telecommunication Technology 
(GCATT) building in urban Atlanta, GA. 



In the remainder of this paper, the two phased array efforts 
wdl be dscussed, followed by a descripnon of adaphve array 
demonstration. 

II. THE SPACE-FED LENS 

Using a Discrete Lens Array (DLA) as the fi-ont end of a low 
cost adaptive ground antenna system has cost and perform- 
ance advantages over conventional reflector or electronically 
steered phased array antennas. Steering a large reflector rap- 
idly by m e c h c a l  means is difficult due to the inertia and 
mass of the antenna which often requires high maintenance 
costs resulbng from misalignment of moving parts. On the 
other hand, large solid-state based phased arrays suffer fkom 
excessive cost and very low efficiency as a result of large 
power combining losses in the circuitry for large apertures. 
Due to low power efficiency of solid-state power amplifiers 
and high insertion losses in the phase shifters, thermal man- 
agement is also a big concern as a result of high density inte- 
gration. 

The DLA is space-fed so there are no power combining 
losses. Furthermore, beam steering is achieved by switchg 
between adjacent feeds using pin diode or Metal 
Semiconducror Fieid Effect Transistor (MESFET) switches 
instead of phase shifters, which sigmficantly simplifies the 
array architecture and t h e d  management problem. In 
addition, s m a l l  array feeds with amplitude-controlled 
elements can be used to provide smooth transitions between 
“handoff’ beams malang beam steering seamless. 

As illustrated in Fig.1, a DLA is comprised of a feed array 
and a radiating array with a delay line connecting each corre- 
sponding pair of elements. For the proposed DLA, the 

Fig. 1 Schematic of a space-fed discrete lens array 

focal surface where the feeds are located is 2.5 J,, and the in- 
ter-element spacing is 0.5 &, where .7, is the free-space wave- 
length. The design and simulation of the antenna elements 
and arrays are carried out with Ansoft Designer CAD soft- 
ware. For the feed side array, a 7.3 mm square patch antenna , 

designed for linear polanzation at X-band (-8.2 GHz), was 
selected. Its simulated return loss was found to be better than 
-50 dB ulth a gam of about 2.8 dJ3. The element for the rad- 
ating array is a square patch with truncated corners designed 
for Left-Hand Circular Polarization (LHCP) at the same fie- 
quency. The simulated axial ratio for the LHCP antenna is 
0.13 dB at O o ,  and is less than 3 dB over the entire scan 
of? 55 ; and the simulated gain is 2.1 dB. The simulated re- 
sults are found to be in good agreements with the patch 
measured data. 

Figure 2 shows the interconnect of the unit element where the 
element on the feed side is connected to the radiating element 
through vias and striplmes of different length to 
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Fig. 2 Unit element and interconnects 

provide proper phase delays for producing a beam in the for- 
ward direction. Fig. 3 shows an AUTOCAD layout of the 
passive DLA. Since an active DLA will be designed and im- 
plemented after the passive lens is tested, the passive DLA 
layout will be as close to the active array as possible, so the 
passive array data can be used for gadloss calibration of the 
active array antenna. 

The Gain Over Noise Temperature (GIT) for the DLA has 
been calculated and was found to be strongly dependent on 
the number and types of Low Noise Amphfiers (LNA). For 



the 100-eiement DLA, usmg 2 LNAs w d  yeid a G/T that 
ranges €?om 8 to 17.3 dBKo, dependmg on the type of LNA 
used. The testmg of the 100-element DLA is on going wth 
measured results to be pubhshed 111 the near future. 

m. FERROELECTRIC REFLECTARRAY AXEYWA 

A scanning reflectarray consists of a flat surface with diame- 
ter D containing N integrated phase shifters and N patch ra- 
diators that is illuminated by a single feed at a virtual focus 
located a &stance f from the surface such that j7D =1. The 
modulated signal from the feed passes through the N reflect- 
mode phase shifters and is re-radiated as a focused beam in 
essentially any prefen-ed direction in the hemisphere in front 
of the antenna, as in a conventional phased array. The control 
algorithm is nearly identical to that of a conventional phased 
array, the exception being an a-priori setting of all phase 
shifters to compensate for the spherical wave-front from the 
feed. That is, the signal from the feed reaches the central 
element of the aperture before it reaches elements toward the 
perimeter. Of course the physics insofar as inter-element 
spacing, mutual coupling, scan loss, etc. is concerned, is the 
same as for a conventional directly radiating phased array. 

Zine 6iEcuiry wih implementing sucii an array arises 5om 
the fact that the phase shifters are necessarily between the 
feed horn and the patch radiating elements. Hence, they in- 
troduce line loss in front of the first stage LNA and cause sys- 
tem noise temperature to escalate. Fi,pre 4 shows calculated 
noise temperature as a fimction of phase shifter loss. Sec- 
ondly, constructing the active array economically can be a 
challenge. We have devised very low-loss phase shifters 
based on thin ferroelectric films [I-21. Moreover, the phase 
shifters require only one bias line and can be built using a 
simple lithography process since the smallest feature size is 
on the order of 10 I.M Another reason to believe that the re- 
flectarray will have profound cost advantages is attributed to 
its simple structure. The reflectanay requires only a multi- 
layer Direct Current (DC) bias distribution board, a support 
platen which also serves as the DC and RF ground plane, and 
the R.F layer populated with 2N devices that can be automati- 
cally placed and wire bonded. A corrugated or dual-mode 
feed horn plus the supporting struts, an LNA, and a controller 
compiete the system iiont end. 

The X-band phase shifters consist of four cascaded coupled 
microstrip lines patterned over 400 nm thick laser ablated 
Ba,.soSro.joTi03 films, followed by a switch. The “ferroelec- 
tric” section provides nominally 180 degrees of analog phase 
shift. As a bias from 0 to 350 V is applied across the coupled 
line electrodes, the relative dielectric constant of the film 
tunes from about 2000 to 800, thereby modifjing the propa- 
gation constant. Note that the ferroelectric films are excellent 
dielectrics and the current draw is negligible so there is virtu- 
ally no power consumption. The beam lead Si diode switch 
toggles between an open and virtual short circuit realized 

with a quarter-wave r a d d  stub. Th~s  results in a digital tran- 
sition between a reflection coefficient with magnitude near 
unity and phase of - 0 degrees and -180 degrees, respec- 
tively. Thus, a full 2x phase shift is possible. The prototype 
X-band phase shifters presented in Figures 5 and 6 were ide- 
alized in the sense that the virtual short circuit was wire 
bonded. The diode switch has an insertion loss of about 0.5 
dB in the on-state and an isolation of about 15 dB, so actual 
performance of the phase shifters will degrade by about 0.5 
dB. The next step is to iterate the phase shifter design to 
achieve a full 2x phase shift with an integrated diode to form 
a true hybrid ferroelectric-semiconductor device meetmg the 
loss target of 2.5 dB. 

T E I I  I I i 1 I f 

Figure 4. Calculated reflectarray system noise temperature as 
a function of phase shifter insertion loss. A background tem- 
perature of 55 K is assumed. 
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Figure 5. Measured insertion loss of ferroelectric phase 
shifter at three different X-band frequencies. 



Figure 6. Measured insertion phase of ferroelectric phase 
shifter at three different X-band frequencies. 

IV. ADAPTIVE SIGNAL PROCESSlNG 

A .  Introduction 

Spatial adaptive processing, or the adaptive combination of 
multiple receive antennas, generally provides several fea- 
tures: array gain, interference suppression, diversity g a b  and 
multiple-user detection Array gain is purely a function of 
the number of elements, If there are N elements with equal 
average Signal-to-Noise-Ratio ( S N R ) ,  then the average SNR 
of the array combiner is lolog#) higher in dB than the av- 
erage SNR of any one of the elements. Interference suppres- 
sion happens when the adaptive array steers a pattern null in 
the direction of the interference. In th~s  case, the S N R  of the 
desired s i - 4  is not degraded si,&icantly unless the desired 
and interference signals arrive at the array fkom nearly the 
same direction 

If multiple copies of the same signal arrive from different di- 
rections, a condhon known as multipath, the S N R  of an indi- 
vidual element can drop dramatically if the copies add de- 
structively. This is called a “mdtipatl? fade” [3].  Since each 
directional element (DE) will not have the high directivity of 
a 10m dish antenna, and because the DES may be steered to 
some low elevation angles to maximize the time on the satel- 
lite, the DES may receive some multipath. Given that the 
DES have sufficient spacing, then they are unlikely to fade at 
the same time. This -lies that the S N R  at the output of the 
adaptive combiner is less likely to exhibit fades that are as 
deep as the fades on individual elements. This difference in 
depths of fades is the diversity gain. The statistics for diver- 
sity gain can be calculated for certain standard types of fading 
on individual elements, such as Rayleigh, R i c i q  or Naka- 
gami fading [3]. 

FL-,.ll-. k X - . l L  T T  U a u Y ,  1 V l u u - u  S C i  Z~tiecti:uoii (kl?u%j a k w s  iri-dtiple inter- 
fering signals to be separated by the adaptive processor [4]. 
Theoretically, t h ~ ~  could happen if multiple satellites witt 
the field of view of the ground station transmit at the same 
kequency. MCTD is related to interference suppression: as 
long as the array response vectors of the different satellites 
are not nearly co-linear, the array signal processor can com- 
pute a different weight vector for each satelhte. The i& 
weight vector suppresses all signals except the signal from 
the i& satellite. 

Two additional signal processing functions are necessary: 
frequency synchronization and DE steering. Frequency syn- 
chronization, or the act of ali-ping the phase of the received 
signal’s carrier with the phase of the carrier reference in the 
receiver, is a necessary pre-requisite to adaptive combining. 
DE steering keeps the DES pointed in the direction of the de- 
sired satellite. 

In the fxst year of the project a prototype was built to dem- 
onstrate adaptive signal processing of four DES for the 4 kbps 
BPSK downlink of the EO-1 satellite. Frequency synchroni- 
zation, array gain and diversity gain were successfully dem- 
onstrated. There was no co-channel interference for this par- 
ticular satellite and channel, so neither interference suppres- 

were fixed and not scanned. Therefore, DE steering was not 
necessary. 

B. The Front End of the Prototype 

The DES were the helical antennas shoxm in Fipre 7. The 
buildings in the left background are part of the downtown 
area of Atlanta, GA. Each element had a 3dB beamwidth of 
approximately 45”, right hand circular polarization, and a 
gain of about 1 1.4& at 2.27GHz. 

The urban environment in Atlanta causes a challenge in the 
design of the RF hardware chain. The pnmary difficulty is 
the presence of h g h  power out-of-band signals from Personal 
Communication Systems (PCS), XIM radio, and Sirius radio. 
W e  PCS is located more than 250% from the EO-1 sig- 
nal, XM and Sirius posed a particular challenge as they are 
located as close as 50Mhz to EO-1 and are more than 60& 
stronger than EO-1. 

if left unchecked, these interferers create two problems in the 
receiver system. First they significantly raise the total power 
into the down converter and necessitate a higher amount of 
attenuation prior to down conversion. ms is turn raises the 
effective noise temperature of the system and thus can reduce 
sensitivity and Carrier to Noise Ratio ((34%). Second, the 
large interferer powers can cause intermodulation distortion, 
which can be a sigmficant problem for the relatively very 
weak EO-1 signal. 

A two-fold approach was taken to driving this interference 
down. First, a very narrow band and low loss filter was de- 
veloped to pass only the desired signal while greatly attenuat- 

sion nor &pLD was necessqj... - q s ~ ,  iii +‘-_ *P C--+ li13i -.--- r G ~ ,  the DES 



ing out of band interferers. Second, h~gh performance mpli- 
fiers were located whch are tolerant to high power signals 
and have very low intermodularion products. The final re- 
ceiver design is shown in Fiawe 8. 

-4 picture of the spectrum analyzer during a pass on 24 No- 
vember 2003 is shown in Fi,gxe 9. The pedestal in the center 
of the spectrum is caused by the system noise passing through 
the narrow band filter. Sirius and XM radio can be seen to 
the right of the main band, still quite powerful despite filter- 
ing. 

The APCOM receiver down-converted the signal to a 16 
MHz Intermediate Frequency (IF). It has a variable attenuator 
that was set between 15 and 20dB, dependmg on the channel. 
Measured input noise characteristics of the APCOM blocks 
varied from 3-15dB NF, depending on the channel.The IF 
signal was then sampled at a 1 MHz rate with 12 bits of pre- 
cision. 

C. Frequency Synchronization 

Because of the motion of the satellite, Doppler shifting 
caused the carrier fi-equency to change by about 750Hz to 1 
kHz every second. 

A coarse frequency synchronization was performed first. The 
sampled signal was first decimated by a factor of five. Next, 
squaring the signal got rid of the modulation and gave a nice 
peak at the carrier frequency. Fast Fourier Transforms (FFTs) 
of length 0.1 or 0.05 seconds (corresponding to 20k or 10k 
samples) provided a good balance between accuracy and 
tracking ability. Linear interpolation between the FFT resdts 
provided the coarse fi-equency estimates. The coarsely com- 
pensated signal was decimated again by a factor of five. 
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Figure 8. The front end associated with each array element. 

Figure 9. A photo of the spectrum analyzer screen showing 
the noise pedestal formed by the bandpass filter and the two 
interference signals Sirius and XM radio. The horizontal &xis 
is 20 MHzidiv, and the vertical axis is 5 dB:div. 

The signal was passed through a pulse-matched filter that was 
based on a sinc spectrum truncated to three sidelobes. At this 
point, there were 10 samples per symbol period. 

Next, fine frequency adjustments were made. The decision- 
directed Phase Locked Loop CpLL) was implemented as in [5. 
pp. 205-2211. The PLL used a second-order loop filter to 
completely eliminate constant frequency and phase offsets. It 
did a good job of tracking slowly changing fi-equency offset 
as well, as showii 5y the sczttei plot in Figme IO. Viis PLL 
can correct fi-equency offsets 5 0.1T, where T is the symbol 
period. 

Frequency synchronization was performed separately for 
each channel. This was found to perform better than perfom- 
ing synchronization for one channel and simply applying the 
resulting correction to all channels. 

Figure 7. The four helical antennas receiving the 4 kbps 
downlink from EO-1 on 7 April 2004. 
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Figure 10. Output of the decision-directed PLL showing a 
Binary Phased Shift Frequency (BPSK) constellation. The 
circular symmetry of the clusters indicates Gaussian noise. 
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Figure 11. Illustration of the architecture of the adaptive ar- 
ray. 

D The Adaptive Combiner 

Finally. the outputs of the decision-directed PLL were adap- 
tively weighted and summed, as shown in Figure 11. Adapta- 
tion is done with a kind of feed-back loop. When a training 
sequence is available, an error signal may be formed by sub- 
tracting the output of the combiner fiom the ideal version of 
the s i g a i  based on the training signal. In the case of EO-1,4 
kbps S-band, the 64 bit BPSK synch mark may be used as the 
training signal. The adaptive algorithm iteratively adjusts the 
weights to drive the error to zero. When the average power 
of the error is minimized, the algorithm is said to have con- 
verged. 

Two well known adaptive algorithms were hied with the pro- 
totype: the Recursive Least Squares (RLS) algorithm, and the 
Least Mean Squares (LMS) algorithm [6]. LMS has the ad- 
vantage of low complexity and the disadvantage of being 
slow to converge relative to the other types of algorithms. 

?AS ha the 2dvz=zige =f fzster cz~verge~ce  md ~e &sad- 
vantage of higher complexity. 

In the 7 April 2004 pass, the results were as follows: The 
channels had the following average SNRs at the top of the 
pass: 23.6 dB, 20.3 dB, 19.4 dB, and 14.1 dB. The disparities 
of the first three were mainly because of the varying noise 
figures of the APCOM receivers. The fourth APCOM was 
being repaired at the time, so a lower-performing front end 
was substituted. The average S N R  of the adaptive combiner 
was 27.3 dB, for both RLS and LMS. When the channel 
SNRs are unequal, the optimum combiner output average 
SNR, in the absence of interference, is simply the sum of the 
input SNRs; t h ~ s  is called maximal ratio combining (MRC). 
With these input SNRs, the MRC output SNR should be 26.5 
dB. The fact that the actual output SNR was almost 1 dB bet- 
ter suggests that some interference suppression was happen- 

To demonstrate diversity gain. a second pass was conducted 
on 30 April 2004. This time, instead of the elements being 
out in the open. they were enclosed in an approximately 30’ 
by 30’ walled area, with no ceiling, on the roof of the 
GCATT Bldg. The walls were made of masonry material. 
This environment was ideal for intentionally creating multi- 
path, becacse the sigcals fmrn &e 55 degree e!evztion pass 
would reflect from the walls. The configuration of the ele- 
ments was similar to that in Fibme 7, but with a larger spac- 
ing of about 6 to 8 feet. In this set of results, the fourth chan- 
nel had the repaired APCOM receiver. 

The results are plotted in terms of signal power in dE3 versus 
symbol index in Fibwe 12. The lower four curves are the 
powers of the four channels. Their fluctuation with time in- 
dicates multipath fading. The curve at the very top is the 
combiner output. Its fades are very slight, compared to the 
fades of the elements, clearly showing the diversity gain ef- 
fect. 

ing. 

V. FINANCIAL MODEL 

An interactive Excel-based financial modeling tool is being 
developed. Its purpose is to model the acquisition cost of a 
next-generation ground station employing adaptive array 
technology. The model will support present and fume gen- 
erations of satellite downlinks at s, X, and Ka-bands with 
data rates up to 150 Mbps. The cost model will be updated 
for the small dish, space-fed lens and reflectarray designs as 
actual cost data becomes available. By employing Excel’s 
“Scenarios” feature, multiple pairings of satellite, such as ST- 
5 ,  SAC-C, and Aura, with element technology can be quickly 
evaluated. A link budget is used to determine how many 
elements are required to meet system performance require- 
ments. This number, together with cost estimates of the ele- 
ments, array interface, data processor, power supply, etc. en- 
able a system cost estimate to be computed. 



Fi,oure 12. Sisal powers in dE! of each channel and of the 
adaptive combiner, under intentional multipath conditions, il- 
lustrating array and diversity gain. 

VI. PLANS FOR THE X-BAND PROTOTYPE 

In the second year of the prototyping efforf an X-band proto- 
type will be constructed, The proposed satellite is the SAC- 
C, which travels in the same constellation as EO-1. It was 
chosen because among X-band options, it has a relatively low 
data rate of 6.06 Mbps and an (assumed) occupied bandwidth 
of 23 MHz,  which can be accommodated by the Georgia 
Tech data acquisition system. Any higher bandwidth cannot 
be accommodated. Another change from the first year proto- 
type is that the elements will be steered. Dish antennas are 
planned, although the Glenn Research Center phased arrays 
can be used if they are ready. A preliminary link budget 
analysis indicates that an element gain of 37 dJ3 will be nec- 
essary for an assumed channel noise temperature of 150K, 
lmplying a G/T of 15 d B K .  

9 

VII. CONCLUSION 

Xesearch and deveiopmem of adaptive array technology for 
the ground stations for low-earth orbit satellites is being con- 
ducted. Successful adaptive combining was demonstrated on 
the EO-1 4 kbps BPSK signal using four fixed hectional 
elements. Advances in two types of X-band phased arrays 
were achieved concurrently, including the creation of a 100- 
element prototype space-fed lens and a record low-loss phase 
shifier for the reflectarray. It is hoped that either type of 
phased can be used as the directional element in the adaptive 
combiner. The result will be a ground station that should 
provide extreme flexibility in connecting low earth orbiting 
satelhtes with the earth network, as well as one that has no 
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